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TRANSITIONAT SUPERSONIC
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SUMMARY

sPEml

“.

effectsofMch number,streamturbulence,
leading-edgegeametry,leading-edgesweep,surfacetemperature,surface ‘
finish,pressuregradient,andangleofattackonboundary-layertran-
sitionaresummarized.

Factorsthatdelaytransitionarenoseblunting,surfacecooling,
andfavorablepressuregradient.Leading-edgesweepandexcessivesur-
faceroughnesstendtoprcmoteearlytransition.

Theeffectsofleading-edgebluntingontwo-dimensionalsurfaces
andsurfacecoolingcanbepredictedadequatelyby existingtheoriesy
atleastinthemoderatel&chnumberrange.

Thehportance
be overemphasized.
naras opposedtoa

INTRODUCTION

ofthebounda~-layertransitionproblmncanhardly
Thebenefitstobe derivedfrommaintaininga lami-
turbulentboundarylayerareweIllamwn.Valuesof

bothlan&r heattransferandlaminarskinfrictionareverymuchlower
thanthecorrespondingturbulentvalues.

A completeunderstandingofthetransitionprocesswouldenable
thedesignerofhigh-speedmissilesandaircraftto gaintwodistinct
advantages:first,ifhewereabletopredictexactlythelocationof
transition,hewouldnot”haveto overdesignto allowforturbulentaero-
dynamicheatingratesthatmaynotexist;second,he couldincorporate
featuresinthedesignthatwoulddelaytransitionasfaraspossible.
Unfortunately,sucha completeunderstandingoftransitionisnotyetin
sight● However,a largenumberof experimentalobsermtionsoftransi-
tionat supersonicspeedshavebeenmade. At first,theseobservations

lPresentedat-SymposiumonHigh-SpeedAerodynamicsandStructures,
r. Buffalo(N.Y.),Jan.18-20,1956.
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,
didnotpresenta consistentpicture,primarilybecausea largenuniber 1$

offactorsinfluencethetransitionprocess.Morerecently,though,
experimentshavebeenconductedwhichisolatesaneofthefactorsaf- 1
fectingtransition.Theseexperimentsallowus todrawpreliminarycon-
clusionsconcerningthetransitionprocess.

Thisreportrepresentsa surveyofsameoftheexperimentalresults
obtainedduringrecentyearsandup toDeceniber,1955. Othersurveys
havebeenpublishedbyGazely(ref.1),CzarneckiandSinclair(ref.
2),Rcmig(ref.3),Eckert(ref.4),Seiff(ref.5},andProbsteinand
Lin(ref.6).

FACTORSAFFECTINGTRANSITION

A cqlete surveyoftheboundary-layertransitionfieldisnot
madeinthispaper,norarethepossiblemechanismsoftransitiondis-
cussedfroma theoreticalpointofview. Instead,someofthemoreim-
portantfactorsaffectingtransitionarepresented,andwhereverpossi-
ble,theseareexplainedintermsoflogicalcorrelations.

Perhqsmentionshouldbemadeofthefactthatthetheoretical
approachtotransitionisusuallythroughstabilitytheory,whichde-
termineswhetherornot~ infiniteshaldisturbancewillbesmplified
ina laminarboundarylayer.Presumably,ifa disturbanceisamplified,
transitiontoturbulencewilleventuallytakeplace.Hence,stability
theoryisoftenusedtopredictqualitativelyhow_&nsitionisaffected
by a givenvariable.Thepointoffirstinstabilityis genersllyfar
upstreamofthelocationoftransition.Inbetweenliesa regionof .
amplification,whichmustalsoinfluencetransition;however,thisre-
gionisnotyetamenabletotheoreticalanalysis.Also,instabilityof
laminarflowisnottheonlypossiblemechanismfortransition.Other
disturbingfactorssuchas flowunsteadiness,shockwaves,andeffects
of surfaceinterferences,tomentiononlya few,undoubtedlyalsoin-
fluencetransition.Thefollowingparametersthatinfluencetransition
arediscussedherein:

(1)

(2)

(3)

(-4)

(5)

Machnumber

Streamturbulence

Leading-edgeornosegeometry

Leading-edgesweep

Surfacetemperature

.
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(6)8urfacefinish

(7)Pressuregradient

(8)Angleofattack

Theeffectofisolatedroughnesselements(ref.7)isnotdis-
cussedherein,becausethisinformationisnotimmediatelypertinentto
thedesignofhigh-speedcotiiguratiOns.Theeffectofan expansion
arounda corner,whichgreatlydelaystransition,isalsonotpresented,
becauseresultsarenotasyetcomplete(e.g.,seerefs.8 to10}.

IkchNmiber

A summaryofwindtunneldata(refs.10 to 20)showingtheeffect
ofMachnuniberontransitionunderconditionsofnoheattransferis
giveninfigure1. Onlydataforsharp-nosedcones(fig.l(a))and
platesandhollowcylinderswithsharpleadingedges(fig.l(b))are
included;in otherwords,onlydataforbodieswherenopressuregradi-
entsexistareshown.Also,thepresentationislimitedtowindtunnel
data,becauseitisnotfeasibleto obtainhighMachnuuiberflightdata
underconditionsofzeroheattransfer.

Themeasuredlocationoftransitiondependssomewhatonthemethod
usedinobse~ng transition.b general,themethodoflocatingtran-
sitionusedinthisreportisthatoftheparticulartestbeingdis-
cussed.However;scmefreedomofchoiceisavailablewhenthetempera-
turerisefroma lowlaminarrecoverytemperaturetoa higherturbulent
valueisusedto determinetransitiononan insulatedsurface.There-
sultsplottedinfigure1 arebasedonthepeakofthelongitudinal
temperatureprofile;thispeakcorrespondsapprmtely tothemost
frequentlocationoftransitionas obsemedby opticalmeans.

At a givenMachnwiberthespreadintransitionReynoldsnumberis
appreciable(fig.1). Partofthisspreadisundoubtedlyduetowind
tunneldisturbances.An effectofReynoldsnumberperunitlengthu/v,
as shownby theverticallinejoiningtwosymbols,isalsoevident.(All
s~ols aredefinedintheappendix.)Therefore,someotherlength,
whichmayalsodependonthetunneldisturbanceorperhapsontheleading-
edgethickness,isneededto cmnpletelycorrelatetheresults.However,
thereappearstobe anupperenvelopecurvefortheresults,as shownby
thedashedcurves.(Afewisolatedpointshavebeenemittedpurposelyin ~
fairing.theenvelopecurves.)..

Ifthespreadofthedatais causedby disturbinginfluencesthat
e existonlyina windtunnelandnotinflight,thentheupperenvelope

representsthetransitionReynold8nuniberthatmaybe expectedinfree

. ——— ~- . —.— —._— ..————. .— — — -—-——-



4 NACARM E56E10

flight.AlthoughthetransitionReynoldsnumberatfirstdecreases
withincreasingWch number,a definiteincreaseoccursatMachnumbers
above4 (fig.1).

Accordingto stabilitytheoryxtheminimumcriticalReynoldsnun-
ber (Reynoldsnumberwhereinfinitesimaldisturbancesarefirstampli-
fied)fora coneisthreetimesthatfora flatplate.Yet,thetran-
sitionReynoldsnumberfortheconeis onlyslightlyhigherthanfor
theplatesandhollowcylinders.(Compareenvelopecurvesinfig.1.)
Thisimpliesthattherateofamplificationofdisturbances,whichcan-
notbe predictedeasily,maybehigherfortheconethanfortheplate;
or,transitionmaynotbe governedentirelyby stabilitytheory.

InthesectionLeadtng-EdgeorNoseBlunting,itis shownthat
evenslightsmountsofleading-edgebluntingcansubstantiallyincrease
thetmnsitionReynoldsnumber,e~ecidly athighvaluesof l+. Al-
thoughonlydataobtainedonmodelswithleading-edge.thicknessesof
0.001inchorlessareincludedinfigurel(b),itmaystillbeyossible
thatthespreadin’tiedatainthisfigureisduetoa leading-edgeef-
fect. Ifthispossibilitywereaccepted,thenperhapsthelowerlimit
points(correspondingtolowvaluesof u/v)oftheflat-platedata
(fig.l(b)) shouldbe ccnnphredwiththeupperenvelapecurveofthecone
data(fig.l(a)).(Theeffectof smallbluntnessona coneis shown
hereintobe lesssignificantthanona fbt plate.)But,evenif such
a comparisonismade,thetransitionReynoldsnumberfortheconeis
considerablylessthanthreetimesthetransitionReynoldsnuder for
pktes andholluwcyltiders.

Upto thispoint,thediscussionslimitedtotransitiondataob-
tainedoninsulatedsurfaces.Dataobtainedwithsm ogivecylinder
havinga cold wall (Tv/T5- 1) showa contradictorytrendinthatthe
transitionReynoldsnumberincreaseswithincreasingMachnuniberforall
Machnumbers(ref.5). However,thesedatawereobtainedonanartifi-
ciallyroughenedmodel.Otherexperiments(e.g.,ref.15)haveshown
thata givenamountof surfaceroughnesshasa fargreatereffecton
transitionatlowWch m.mibersthanathighWch ruuibers.Itisthere-
foresuggestedthattheso-calledeffectofMachmniberontransition
ofreference5 isatleastpartlyan effectof surfaceroughness.An-
otherfactorinfluencingtheseresultsisthevaryingrateofheat
transferthatresultsfrm operatingata constantwalltemperatureand
a var@ngMachnumber.Theeffectofsurfacehnperatureontransition
isdiscussedinthesectionSurfaceTemperature.

StresmTurbulence

A systematicstudyoftheeffectof supply-stream
transitionwasrecentlymadebyVanDriest(ref.15).

turbulenceon
Theturbulence

.
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levelofthesupplystreamwaschangedfrm 0.4
suitsofreference15 (upperpart,fig.2) show
of supply-streamturbulencecanbe toleratedif

5

to 9 percent.There-
thatappreciableamounts
thetest-sectionMach

numberishigh.A comparisonoftheseresultsonthebasisoffree-
streamturbulenceispresentedinthelowerpartoffigure2. (Are-
lationbetweensupply-andfree-streamturbulenceswasobtainedfrcm
ref.21. Thisrelationneglectsdissipationandthegenerationoftur-
bulenceinthewindtunnelnozzle;onlythelongitudinalfluctuating
componentofvelocityistransformed.A supply-streamMch numberof
0.05wasassumed.Becauseoftheseassumptions,thetransformation
mustbe consideredtobe onlyapproximate.]Whenplottedagainstfree-
streamturbulence,thedataforhkchnumbersof1.9and2.7faU.essen-
tiallyalonga singleline,andonlyonepointatMach3.65fallsap-
preciablyabovethatline.Thus,theeffectoffree-streamturbulence
ontransitionisnotreducedappreciablyasthe~ch numberisincreased.
But,becausea givensupply-streamturbulenceyieldsa smallerfree-
streamturbulenceathigherMachnumbers,theeffectof supply-stream
turbulenceontransitionisreducedwithincreasingMachnuniber.Wemay
concludethatwindtunneltransitiondataathigherMachnumbersare
unaffectedby turbulencelevel,ifthesupply-streamturbulenceisrea-
sonablylow.

Thisconclusiondoesnotcontradictthediscussioninthesection
entitledMachNumber,whereitis sumd.sedthatthespreadintransi-
tionReynoldsnumberata givenMachnunibermaybe attributedtotunnel
disturbances.Tunneldisturbancesmaybe causednotonlybysupply-
streamturbulence,butalsobypoor“surfaces,impropernozzlecontours,
orleakageinthesupersonicportionofthetunnel.Suchdisturbances
maydifferwidelyindifferenttunnelsandmayhavelargeeffectson
transition.

Leading-EdgeorNoseBlunting

Inan investigationoftransitionona hollow-cylindermodelat
Mach3.1,Brinich(ref.10)notedthatsizeabledelaysintransition
canbe obtainedby slightlybluntingtheleadingedge.Theexp-tion
forthisdelay,asproposedbyMoeckel(ref.22),canbestbe illus-
tratedby figure3,whichshowsa typicalbluntedconfigurationwithits
detachedshockwave. Thetotal-pressureloss,whichexistsdownstream
ofthecurvedportionoftheshock,persists(intheabsenceofvis-
cosity)fortheentirelengthofthebody. Thestaticpressure,onthe
otherhand,approachesitsfree-streamvaluedownstreamofthenose.
Thecombinationofa lowtotalpressureanda free-streamstaticpres-
sureleadstoa lowerMachnumbernearthesurfacethanat a distance
fromthesurface.BetweentheselimitingvaluesofI&chnuniberexists
a profile(forgettingforthemomentabouttheboundarylayer)suchas
is illustratedinthefigure.A Reynoldsnuniberprofileu/v is
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similarinappearanceto
outeredgeofa lowMach
streamline(dashedline,

NACARM E56EL0

thelkchnumberprofile.Moeckeldefinesthe
number,lowReynoldsnumberlayerby the
fig.3)passingthroughtheshocksonicpoint. :,

Thisdefinitionisarbitrary,butit guarantees-thatthe&ch andReyn-
oldsnumberswillbe closetotheirinviscidsurfacevaluesthroughout
thelayersodefined(seeprofile,fig.3). Evenforsmallnosethick-
nesses,theinviscidlowReynoldsnumberlayeris sufficientlythickto
engulfa laminarboundarylayerfora considerablelengthofrun. Con-
sequently,thedevelopmentofthislami~rboundarylayerisgoverned
notby conditionsexistinginthefreestream,butby conditionsexist-
ingwithinthelowReynoldsnmiberlayer.If itisassumedthatthe
transitionReynoldsnumberisunaffectedbyblunting,thedistanceto
transitionisexpectedtoincreaseby a factorinverselyproportional
to theReyuoldsnuniberreductionnearthesurface.Themagnitudeofthe
Reynoldsnumberreductionforslenderconesandflatplates(ref.22)is
shownas a functimofMachnuuiberinfigure4. At a ~ch numberof3,
forexample,bluntingcausesa Reynoldsmmiberratioof1/2,whichim-
pliesthattransitioncanbedelayedby a factorof2. Thepredicted
transitiondelayincreaseswtthincreasing&ch number;atlkch18 a
fiftyfoldincreaseinthedistancetotranstionisindicated.Itmust
be realized,however,thatmanyoftheassumptionsmadeintheanalysis
ofreference22becme imalidatveryhighIhchnumbers.

Theprecedingdiscussionisbasedonthehypothesisthatthetran-
sitionReynoldsnwiberisunaffectedbyblunting,whichmaynotbe
strictlyvalid.Inparticular,bluntingalterstheMachnu@er atthe
outeredgeoftheboundarylayer.A changeinMachnumberwasshownpre-
viouslytoaffecttransition.-Foreqle, fora free-stresmMachn~-
berof3,the“outer-edge”Machnumberobtainedby bluntinga flatplate
is 2.3(ref.22). Ifwe accepttheeffectofMachnumberas described’
by the&shedlineinfigurel(b),thetransitionReynoldsnumberis ex-

pectedto increaseby a factorof

halved(fig.4),anda transitim
predicted.

h therangeofMachnumbers

3.5 13
m’”” concurrently,u/v is

delayof1.3x 2 = 2.6istherefore

from3 to4,nearlyallofthepre-
dictedeffecto+bluntinghasbeenobserved& two-d&ensionalbe-ties
(fig.5(a).

1
TheresultsofBrtnich(ref.10)showa ~um transition

de~y (~ b/(~)s ofnearly2.2. Thisis exactlythevaluepredicted,
in reference22fora lkchnumberof3.1;however,itis somewhatless
thanthevalue2.85predictedif theccmbinedeffectsofI&chnumberand
blunting,asdiscussedintheprecedingparagraph,areconsidered.The
resultsofreference10,whichrepresentindependentvariationsof u/v
andleading-edgethickness,arecorrelatedintermsofa Reynoldsnuniber
basedontheleading-edgethickness.(Thethic~essofthesharplead-
ingedge,usedasa reference,yassubtractedfromallotherleading
edges.) Thiscorrelationimplies,forexsmple,thatwhentheboundary

.

.
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layeristhh (highu/v),lessbluntingis
a givenamountthanwhentheboundarylayer
dataofreference18 atfirstcoincidewith

mo0If)

ofblunting,transition~as-oftenmoved
sharp-nosedconfiguration.

required
iSthick
thoseof

7

todelaytransition
(low u/w). The
reference10,but

finallypointtowardslargertransitiondelays.MS largerde~y iS
predic~~by theory,beca&ethetestsofreference18wererunata
higherl.kchnumberthanthoseofreference10. Additionalcorrelations
oftheeffectofleading-edgebluntnesscanbe foundinreference23.

Mostofthetheoreticallypredictedtransitiondelayhastherefore
beenrealizedontwo-dimensionalbodiesinthemoderateMachnumber
range.However,onlya smallfractionofthepredicteddelaywasob-
servedona hemispheric~ybluntedconerecentlytestedby Brinichata
free-stresmlbchnumberof3.12(unpublished].Resultsofthistestare
showninfigure5(b).We seethatthemaximumtransitiondelayis1.27,
whereasa theoreticaldelayofbetween2 and3 wasanticipated.(With
theassumptionofa constanttransitionReynoldsnumber,a theoretical
delayof 2 ispredicted.ButiftheMachnumbereffectoffig.l(a)is
included,a delayofnearly3 is expected.)Thisdiscrepancybetween
theoryandexperimentmaybe attributedtotheadversepressuregradient
existingnearthenose,whichmaypartiallycounteractthefavorableef-
fectsofblunting.Ifthisexplanationisvalid,”thena largerportion
ofthepredictedtrsmsitiondelaysmaybe achievedathigherMachnum-
bers. At hypersonicspeedstheoverexpansionaroundthenose,and,
hence,theresultingadversepressuregradient,istilderthanatlower
Machnumbers.

Muchlargeramountsofbluntingarerequiredontheconethanon
two-dimensionalbodies(fig.5). Thisisexpected,becausea given
amountofbluntingpkducesa lowReynoldsnunberlayerofa fixedarea.
Ona conethisareaisdistributedoveran increasingperimeter,and,
thus,thethicknessofthelowReynoldsnumberlayerdecreasesalongthe
lengthofthecone.A methcdforpredictingtheamountofbluntingto
producea lowReynoldsnumberlayerof sufficientthiclmessis givenin
reference22.

Inadditionto thehemisphericalblunting,Brinichalsobluntedthe
coneti~toa flatfacepemendiculartothecone@s. Withthistype

Leadihg-lkige

forwardofitspositiononthe

sweep

DataofDunningandUlmann(ref.18),showingtheeffectofleading-
edgesweepontransition,arereproducedinfigure6. A transitionratio,
representingthedistancetotransitionmeasurednomal to theleading
edgereferredtothedistancetotransitionforan unsweptwing,is shown
as a functionof sweepangle.A veryrapidforwardmovementoftransition

_.—_... . . ——— ——..———— —- ————.—— .— — -—-
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withincreasingsweepangle,wellrepresentedby thecubeofthecosine
ofthatangle,isevident.Hadthedatabeenrepresentedintermsofthe
Reynoldsnumbernormaltotheleadi

T
edgeratherthandistancenormalto .

theleadingedge,a decreaseas cosA (sweepangle,fig.6)wouldbe
noted.

Therearetwopossibleexplanationsfortherapidforwardmovement
oftransitionwithincreasingsweepangle.Inthefirstplace,theas-
pectratioofthewingstestedinreference18rangedfrom2.3to4.
Theseratios~e ratherlow,sothatendeffectsmayhaveinfluenced
transition.Secondly,a three-dimensionalboundarylayer,suchas ex-
istsona sweptwing,isgeneraUylessstablethana two-dimensional
profile.Moore,inreference24,suggeststhatitalwaysmaybepossi-
bleto selecta coordinatesystemrepresentinga boundarylayerwith
secondaryflowsuchthatan inflectionpointexistsintheprofile.He
statesfurtherthatthestabilityproblemmaybe treatedasa two-
dimensionalproblem,governedby theboundary-layerprofilemeasuredin
thedirectionofanassumeddisturbance.Hence,a velocityprofilewith
an inflectionpointmayalwaysenterintothestabilitycalculationsfor
a sweptwing,andsucha profileisveryunstable.

SurfaceTemperature

Ecpetientalresultsoftheeffectof surfacetaperatureontran-
sitionsrepresentedh figure7. Thewindtunneldataofreference25,
obtainedona cone-cylindermcdel,showthatthetransitionReynolds
numberR~ canbe increasedby a factorof5 by coolingthemodelfrcm
theinsulatedsurfacecondition(Tw/’IL- 2.6)toa temperatureratioof “
about1.4. Furthercoolingwouldhavemovedtransitionoffthemodel.
Theshapeofthecurvesuggeststhatmall additionalsmountsofcooling
mayyieldexceedinglyhightransitionReynoldsnumbers.Theresults
representdataobtainedonboththeconeandthecylinderportionsof
themodelwithno significantdifferencein R~. Thesewindtunnel
dataareextendedby theflightdataofreference26obtainedona cone.
TransitionReynoldsnumbersashighas 32x106wereobtainedby cooling
to a temperatureratiobetween1.2and1.3.

Thesolidsyuibolsinfigure7 representdataobtainedfrananun-
publishedinvestigationby DisherandRabbinflightona two-stage
rocket-pr~elledtestvehiclewitha highlypolishedcone-cylinderas
itssecondstage.Thetipofthe15°included-angleconewasbluntedto
a diameterof7/8inch,whereasthecylinderdiameterwas6 inches.A
peakWch numberslightlyabove8 wasattainedinthisflight.At that
the, thewall-to-streamtemperatureratiowas1.5andtheboundary
layeratallmeasuringstationswasfoundtobe laminar;thu~,thetran-
sitionReynoldsnuniberwasatleast38.5x106.As themissiledeceler- “
ated,transitionpassedoverthelastmeasuringstationata Reynolds
nuuiber-of27.5X106,a temperatureratioof

-————

1.9,anda Machnuder of3.6.
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.
Transitionwasobsenedata measuringstationlocateddownstreamofthe
cone-cylind,erjuncture.Thereasonfortransitionbeingobsenedata
temperatureratioof1.9,ratherthan1.2aspreviouslynotedona sharp
cone,isgiveninthesectionCombinedE6fectsofCoolingandBlunting.

Theeffectof cooling,as obtainedinvariouswindtunnels,is cor-
relatedinfigure8. Thewalltemperaturedividedby theadiabaticwall
temperatureisplottedagainstthetransitionReynoldsnumberdividedby
itsvalueetistingonan insulatedbody. Dataarepresentedinthis
mannerinorderto eliminateanyWch numbereffect(ad forthedataof
ref.27,pressuregradienteffect)underconditionsofzeroheattrans-
fer. At a givenMachnumber,thedataarequitewellrepresentedby a
formofa hyperbola.Thedatawerefittedwithananalyticcurvepri-
marilytoallowextrapolationwit~consistencytomuchhigherReynolds
numbers.Asymptotesoftheextrapolatedcurvesarethetemperature
ratiosthatmayyieldinfiniteReynoldsnumbers.Theseareneededfor
a comparisonofthedatawithstabilitytheory(fig.9).

Thesolidcurveinfigure9 delineatestheregionofccanpletesta-
bilityto@o-dtiensiowdistirbmcesas givenin reference28.1 Above
thecurvedisturbancesaresmplifiediftheReynoldsnuder is suffi-
cientlyhigh;belowthecurvealltwo-dimensionaldisturbancesare
damped,nomatterhowhightheReyuoldsnuniber.Forconditionsbelow
thecurvewemaythereforepresumethattransitionasresultingfrom
laminarinstabilitywillnotoccur.WiththeexceptionofthelowMch
numberdata(M= 1.61,1.9),boththeasymptoticvaluesofthewindtun-
neldataandtheflightdataagreereasonablywellwithstabilitytheory.

DunnandLininreference28haveshuwnthat,eventhoughalltwo-
dimensionaldisturbancesina boundarylayermaybe dampedata suffi-
cientlylowtemperatureratio,certainthree-dimensionaldisturbances
arealwaysamplifiedathighReynoldsnumbers.Butby coolingtoa tem-
peratureratioslightlybelowthatrequiredforccwpletetwo-dimensional
stability,theminimumcriticalReynoldsnwiber(Reynoldsnumberwhere
disturbancesarefirstamplified)foralldisturbancesbecomesexceed-
inglyhigh(oftheorderofl@2). Forallpracticalpurposesthe
boundarylayeristhenstableforau disturbances.A typicalpoint
thatincludesthesethree-dimensionaleffectsis shuwninfigure9 and
alsorepresentswelltheexperimentalpoints.Theagreementoftheex-
perimentalpointsintherangeofl&chnumbersfrm 2.5to 4 withthe
theoreticalstabili~curvelendshopetothepossibilitythatstability
theorycanbe usedtopredicttheamountofcoolingnecessarytodelay
transitiontoveryhighReynoldsnumbers.

.

lDr.C. C.Lin,ina privatecommunication,hasinformedtheauthor
ofa recentrevisionofthestabilitytheory.However,thedifferences
betweentherevisedandorigi~lcurves,for M > 2.5,arelesst~ the
uncertaintiesinthereporteddata. Therefore,onlytheoriginaltheo-
reticalcurveisincludedinfigure9.

.—— ——. ———— ————— -
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ConibinedEffectsofCoolingandBlunting

NACARM E56E10

Additionalbenefitstobe derivedfromnosebluntingarethatless
coolingshouldbe requiredtodelaytransition,andthatcoolingcanbe
madetobe effectiveatMachnumbersabovetheupperlimitofthesta-
bilitycurve.Theseeffectsarefullydescribedinreference22andare
discussedonlybrieflyherein.Consider,forexample,a flightMachnum-
berof 6 anda surfacethatis cooledforstructuralreasonstoa tem-
peratureequalto0.4ofitsadiabatictemperature.Thispointislo-
catedwelloutsidetheregionofinfinitestability(fig.10). Ifthe
noseisblunted,theMachnumberattheouteredgeoftheboundarylayer
is reducedtoabout3.25;theadiabaticwalltemperaturechangesonly
by a smallamount.Forthessmewalltemperaturethepointisnowwell
withinthestableregion.

An explanationbfthediscrepancybetweentwopointsata transi-
tionReynoldsnumberof27.5showninfigure7 canbemadealongshdlar
lines.Onedatapointwasobtainedona sharpcone,theotherona
bluntedcone-cylinder.ThetemperatureratioT~Tm fortheblunted
configurationequalledabout1.9whentransitionpassedoverthemeasur-
ingstation.Becauseofthebluntnose,however,theMachnumberatthe
outeredgeoftheboundarylayerwasconsiderablybelowitsfree-stream
value,and,consequently,theouter-edgetemperatureT5 wasconsider-
ablyhigherthan T=. TheappropriatetemperatureratioTw/T5 was
1.2. Thetransitionpointforthebluntedconfiguration,whencorrected
forthetrueouter-edgeconditions,thenfallsinlinewiththesharp-
tipped-conedata. Sincethepointfallsona flatportionofthecurve,
we cannotsay,however,thatthetheoreticallypredictedtransitionde-
layduetobluntingwasrealized.

Windtunneldataobtainedat theNACALewislaboratoryshowingthe
combinedeffectof coolingandbluntingarepresentedinfigureIl.
Theseresultswereobtainedonthecone-cylindermodelofreference25,
bluntedhemisphericallytoa tipdiameterof3/16inch.Forreference
purposes,a curvefairedthroughthedataforthesharp-tippedconfigu-
rationisincludedinadditiontoa curverepresentingthetheoretically
predictedtransitiondelayduetoblunting.Thelattercurvewasob-
tainedasfollows:Underequilibriumconditions(Tw/Taw)s= 1,the
theoryofreference22indicatesa transitiondelayby a factorof2.
At thesametime,the&ch numberisdecreased;consequently,thereis
a furtherdelayby a factorof1.5(fig.l(a)),whilethetemperature
ratio(Tw/Taw)bbecomes1.025(pointA, fig.n). At thehighReynolds
numberendofthecurvethestabilitytheorymustbeused.Fromfigure9

.
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thewalltemperatureratioforthesharpbaiy(outer-edgeWch number
Mb = 3.1)is 0.61,forthebluntbody(M5= 2.3),Tw/Taw= 0.71.Hence,

()()Tw Tw ~ 0.71

()

Tw
—= — _. X 1.025= 1.2
‘aw~ Taw s 0.61 raw

s
(1)

Thefactor1.025representsthechangeinadiabaticwalltemperaturedue
toblunting.

E uation(1)fixesa point(sayB)ontheasymptoticportionofthe
7curvefig.ll)o BetweenpointsA andB, thecurveisfairedwitha

transitiondelayfactorof3 anda temperatureratiofactorrangingfrom
1.025to1.2. Again,onlypartofthepredicteddownstreammovementof
transition~’sobserved.Thedifferencebetweentheoryandexperiment
maybe attributedtothefactthatthemodelwasnotsufficientlyblunt
andto theadversepressuregradientexistingatthenose,aspreviously
discussed.

We observealsothata largerincreaseintransitionReynoldsnum-
berwasobtainedonthecooledbodythanontheinsulatedbody. Onthe
insulatedbody,transitiontookpbce ontheconicalportionofthe
model,andresultshereareinfairagreementwiththeconedataoffig-
ure5(b).AU pointsonthecooledbody(Tw/Taw< 1.0]wereobtainedon
thecylindricalportionofthebody. Theseresultsareinreasonable
agreementwiththehollow-cylinderdataofreference10 (fig.5(a))..

EffectofSu&aceFinish

The questionnatur~y arisesastohowsmootha surfacemustbe
beforecoolingcanbeusedasan effectivemeansofdelayingtransition.
Resultsofa studyrecentlyccmpletedat theNACALewislaboratoryof
theeffectofunifomulydistributedsurfaceroughnessontransitionare
showninfigure12 (unpublishedinvestigation).Thetestmodelwasthe
bluntedcone-cylinderdiscussedin connectionwithfigurelloandthe
testMachnumberwas3.1. Themodelwassanded,thensandblasted,and
finallytestedwithanappliedCarborundumgrit.A variationin surface
finishfrcmlessthan16 to1250microincheswastherebyobtained.(For
thepolished,sanded,andsandblastedfinishes,theroughnessheighth
wasdeterminedwitha BrushSurfIndicatorusinga 0.0005-inchstylus.
Theheightofthegritfinishisthemadmumparticlesize.)

:.
A correlatingparameterforthedataisa Reynoldsnumberbasedon

theroughnessheighthufio. Sinceneitherthemodelgecmetrynorthe
Machnumberwasvaried,theroughnessReynoldsnunberisproportionalto

~ m, WtichiS thecorrelatingparametersuggestedinreference5.

— .—— — ——— ——
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Forvaluesof hu~o lessthan120,coolingwasfoundtobe very
,-

effectiveindela@agtransition.Thisdelaywasobtainedwithsurface
finishesashighas300microinches.Forsufficientlylowvaluesof .
u~voj laminm flowwasmaintainedovertheentiremodel,evenwiththe
1250-microinchfinish.(Thesepointsdonotappearonfig.12). When
theroughnessReynoldsnumberwasincreasedabove120,coolingbecsme
less
when
that
tion

Wch

andlesseffective.Transitioncouldnotbe delayedby ~ooling
huofio wasequalto orgreaterthan840. Theamountofroughness
canbe toleratedunderotherconditionsis e~ectedtobe a func-
ofMachnuuiberandbodygecnnetry.

CmibinedEffectofCoolingandFavorablePressureGradient

Co@tiedeffectsof coolinganda favorablepressuregradientat
3.1canbe determinedfrcmtheresultsofreference25,whichare

reproducedfortheforebodiesoftwomodelsinfigure13. &e ofthese
isa cone,theothera parabolicnoseofa finenessratioof 6. The
parabolicbody,whichhasa favorablepressuregradient,hasa transi-
tionReynoldsnumberabouttwicethatofthecone,regardlessofthe
amountof cooling,thelocationoftransition,ortheReynoldsnumber
perunitlength.

EffectsofAngleofAttackandAdversePressureGradient .

Oneofthemostimportantfactorsaffectingtransition,andone
thatisleastunderstood,istheeffectofangleofattack.Thiseffect .
hasbeenstudiedextensivelybySeiffandhisco-workersattheNACA
Ameslaboratory.A typicalmodelatangleofattack,asdescribedin
reference29,is showninfigure14. Alongthewindwardsideofthe
model,theboundarylayer,as obsemedby opticalmeans,appearstypi-
calJylaminar;alongtheshelteredside,theboundarylayerislaminar
to~ointB,whereitabruptlythickens.Thistransitionpointcanbe
correlatedwiththepressurerisealonga streamlinefranthepressure
minimumtopointB. (Seeinsert,fig.14.)

Carros(ref.30)wasfurtherableto correlatetransitionwitha
pressure-risecoefficient4/po, evenifthepressurerisewasnotthe
resultofangleofattack.(Inthelattercase,theadversepressure
gradientfollowsan overexpansionaroundthecornerofa cone-cylinder
or onan ogivecylinder.)Thecorrelationofreference29,aspresented
inreference5,is showninfigure15withdatafromreferences30to
32. Thecriticalpressure-risecoefficientthatcausestransitionis
independentofMachnumberandhasa valuebetween0.1and0.2. It
is interestingtonotethatthesesamevaluesofpressure-risecoef-
ficientdescribethelimitsof @p/p. requiredto separatea laminsx

— —. — . ..
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boundarylayeraheadofforwardfacingsteps

13

(ref.33). Thismy imply
thattransition,whencausedbypressurerise,isalwaystriggeredby
incipientsepatitiono

An interestingcorolJarytotheproblemoftransitionatangleof
attackhasbeenobtainedinheat-transferstudiesconductedattheNACA
Lewislaboratory.Thecone-cylindermodelofreference25wastested
atanglesofattackup to18°,whileheat-transfercoefficientswere
measuredalongfiveraysofthemodel.ContoursofStantonnumberon
themodelatanangleofattackof12°areshowninfigure16(b).For
purposesofcomparison,Stantonnuniberdistributionsat zeroangleof
attackforwhollyleminarandforwhollyturbulentfluwarealsoshown.
We notethattheStantonnunibersonthewindwardsideofthebodyat
angleofattackareslightlyhigherthanI..aminarvaluesat zeroangleof
attack;ontheshelteredsidetowardstherearofthemodel,theyare
somewhathigherthanonthewindwardside.Yetnowhereonthebodydo
theheat-transfercoefficientsapproachtheturbulentvaluesobtainedat
zeroangleofattack;noristhereanyevidenceoftheabruptrisein
heattransferusuddyassociatedwithtransition.Thecalculated
pressure-risecoefficientfortheconicalnoseatthisangleofattack
is 0.6,a valueconsiderablygreaterthanrequiredforpressure-rise
transition.Itmaybe concluded,therefore,thatevenunderconditions
thatindicatetransitionatangleofattack,themeasuredheat-transfer
coefficientscanfallconsiderablybelowtheturbulentvalues.

CONCLUDINGREMARKS

A fittingclosurewouldbe topresenta methodofpredictingthe
transitionReyaoldsnuniberforanygivensetof conditions.Butit
shouldbe clearfromthissummarythatsucha methodcannotbe forth-
comingatthistime. However,thisreportpointsoutthedesirable
factorsfordelayingtransitionandsameoftheundesirablefactorsthat
advancetransition.Longlaminarrunscanbe achievedbynoseblunting,
by cooling,andbymakinguseofa favorablepressuregradient.Leading-
edgesweepandexcessivesurfaceroughness,ontheotherhand,tendto
promoteearlytransition.

Thequantitativeresults
sonableapproximationsofthe
experimentalevidencee=sts.
sitiondelayingfactorsisas

ofthisreportcanbeusedto obtainrea-
transitionReynoldsnuuiber,insofaras
Theeffectof combiningallofthetran-
yetunlnlown.Ifallfavomblefactorsare

multiplicative,andifthetheoreticallypredicteddelayduetoblunt-
ingcanberealizedathigherllachnumbers,thenextremelylonglaminar
runsarefeasible.Furtherexperimentationisrequiredbeforethese
longlaminarrunscanbepredictedwithconfidence.

.
LewisFlightPropulsionLaboratory

NationalAdvisoryCommitteeforAeronautics
Cleveland,Ohio,May15,1956

!
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APPENDIX- SYMBOLS

leadingedgeornosethickness

roughnessheight

Machnumber

staticpressure

Reynoldsnumber

transitionReynoldsnumber

Stantonnumber

temperature

velocity

fluctuatingvelocityin streamwisedirection

distancefromleadingedge

kinematicviscosit.

NACARME56E10

.

w

.

Subscripts:

adiabaticwa3Jcondition

bluntedconfiguration

critical

sharpconfiguration

transition

wall

conditionat outeredgeofboundarylayer

conditionsat a distancefromsurface

upstreamorambientconditions

.
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